ABSTRACT: The larval stage duration of fish species can be estimated by cohort analysis, otolith microstructure analysis, and Lagrangian simulations. A number of previous studies have indicated that age estimates based on otolith analysis may be underestimated in anguillid species, because increment deposition decreases at low ambient temperature. We used Lagrangian simulations to estimate the mean larval duration of the European eel Anguilla anguilla and the Japanese eel A. japonica and compared our estimates to the number of otolith increments, which is influenced by ambient temperature. Larvae are transported from the spawning grounds to recruitment areas, experiencing temperatures of 13.0 to 22.5°C in A. anguilla and 20.0 to 27.0°C in A. japonica. The simulated larval durations can be used to calculate the number of otolith increments, once corrected for the effect of ambient temperature of 313 and 208 d for A. anguilla and A. japonica, respectively. These estimates agreed well with those derived from otolith microstructure analyses in both species. We conclude that larval duration based exclusively on otolith microstructure analysis can be underestimated. The duration of the larval stage of A. anguilla and A. japonica confirmed by otolith increment counts corrected for the effect of ambient temperature, is approximately 2 yr and 7 mo, respectively.
INTRODUCTION
The European eel Anguilla anguilla and the Japanese eel A. japonica are well known catadromous fish species. Both species spawn far offshore in the pelagic habitat (the Sargasso Sea for A. anguilla and west of Mariana Island for A. japonica), and their larvae are passively transported by ocean currents to coastal waters near their recruitment areas. Before their arrival in coastal waters, the larvae metamorphose into glass eels and then recruit to estuaries. In the larval phase, they undergo long distance migrations (> 6000 km for A. anguilla, 2000 to 3000 km for A. japonica).
Stocks of both species are now considered to be collapsed because their recruitment has continuously declined over a long period of time (Casselman & Cairns 2003 , ICES 2006 . Recruitment of Anguilla anguilla has significantly declined since the end of the 1970s (ICES 2006 (Tatsukawa 2003 , Miller et al. 2009 ).
The decline of both species has been caused by several factors, including overfishing (Dekker 2003) , habitat degradation and loss by human activity such as constructions of dams and weirs (Feunteun 2002 , Dekker 2003 , Laffaille et al. 2007 , and fluctuations in oceanic conditions (Knights 2003 , Kimura & Tsukamoto 2006 , Friedland et al. 2007 , Kim et al. 2007 , Bonhommeau et al. 2008a ,b, Zenimoto et al. 2009 ). For most marine species, changes in survival rate during their early life stages have a potentially significant impact on their stocks. Because both eel species have a protracted oceanic larval phase, the oceanic conditions and their fluctuation have a potentially considerable influence on these stocks.
Although information on the early life history of each species (e.g. spawning time and larval duration) has been estimated by otolith microstructure analysis, some previous studies have questioned or rejected these analysis methods (McCleave 2008 , Bonhommeau et al. 2010 . By back-calculation based on otolith analysis, the timing of spawnings of Anguilla anguilla, A. japonica, and the American eel A. rostrata were estimated to be much later than those inferred by the presence of hatching larvae in the spawning areas (McCleave 2008) . This suggested that estimating the age of the glass eels based exclusively on otolith microstructure analysis was not reliable. In addition, Bonhommeau et al. (2009a) investigated the duration of migration for A. anguilla by Lagrangian simulation. This work also concluded that age determination by otolith microstructure analysis had been underestimated because larvae could not migrate from the ocean spawning grounds to the coast within the estimated timescales, even if they were capable of active directed swimming.
One of the reasons for underestimating migration duration is that the formation of daily otolith increments depends on ambient temperature. Fukuda et al. (2009) reported that otolith growth and daily increment deposition of Anguilla japonica glass eels and elvers decreased at temperatures below 15°C and ceased at temperatures below 10°C. Therefore, during the larval migration phase, the increment formation speed and otolith growth rates could decrease if they experienced low ambient temperature.
In this study, we tested the hypothesis of underestimation in larval migration duration by otolith micro structure analysis. For this purpose, we used Lagrangian numerical simulations of larval transport and model temperature data to estimate mean larval duration and the ambient temperature regime experienced by Anguilla anguilla and A. japonica. This study aims to expand on previous knowledge of larval duration, such as the work of Kettle & Haines (2006) and Bonhommeau et al. (2009b) for A. anguilla and of Kimura et al. (1999) and Kim et al. (2007) for A. japonica. The numbers of increments formed during the larval stage at certain ambient temperatures were estimated based on Fukuda et al. (2009) . Estimated larval migration duration and otolith increment counts were compared between the numerical simulations and otolith microstructure analysis.
MATERIALS AND METHODS

Hydrodynamic model
The Ocean General Circulation Model for the Earth Simulator (OFES, Masumoto et al. 2004 ) was used to simulate 3-dimensional oceanic fields in the world ocean. The OFES model was driven by realistic atmospheric forcing including temporal and spatial variability. The horizontal grid size was 1/10° in the zonal and meridional directions with 54 vertical levels of thickness ranging from 5 to 330 m (Masumoto et al. 2004) .
A hindcast integration performed by this model for 1950 to 2004 (Sasaki et al. 2008 ) successfully reproduced the decadal upper layer variability in the western North Pacific (Nonaka et al. 2006 , Taguchi et al. 2007 ). The typical sea surface temperature fluctuation pattern in the North Pacific, as represented by empirical orthogonal functions (EOF) known as the Pacific decadal oscillation (Mantua et al. 1997) , is well reproduced by the model. In the North Atlantic, OFES also reproduced fine-scale flow fields including mesoscale eddies , Masumoto 2010 ) and thermal structures (Doi et al. 2009 ). Because of their high resolution and reproducibility, OFES outputs have been used for the particle-tracking calculations to estimate larval transport of the Japanese anchovy Engraulis japonicus, sardine Sardinops melanostictus (Itoh et al. 2009) , and Anguilla japonica (Kim et al. 2007 , Zenimoto et al. 2009 , and also to understand the temperature environment experienced by Pacific bluefin tuna Thunnus orientalis ).
Simulation design
Egg and larval dispersal was simulated by the particle-tracking model assuming passive particles, with no horizontal swimming behavior and mortality. Horizontal current velocities of the OFES model were used for larval transport simulation. The governing equations for the horizontal movement of particles were as follows:
(1)
x t and y t are the position of a particle at time step t. U and V are the eastward and northward velocity components, respectively. R x and R y are normal random numbers with a standard deviation of 1. K h is the horizontal eddy diffusivity coefficient (10 2 m 2 s
−1
). Particle positions were updated every 20 min (Δt).
Lagrangian simulations and analysis
One thousand particles were released every 0.5°a nd 0.2° horizontally over the assumed spawning area where most small larvae of Anguilla anguilla (McCleave 1993; Fig. 1a) and A. japonica (Tsukamoto 2006; Fig. 1b) were observed. Spawning time, computation period, and range of diurnal vertical migration parameters are summarized in Table 1 . To avoid a biased outcome resulting from the prevailing climate phase, we performed simulations for a low, regular, and high winter North Atlantic oscillation index (NAOI) and likewise for the Southern oscillation index (SOI) ( Table 1 ). The winter NAOI (Hurrell 1995) and the SOI are well known as large-scale and integrative indices in the North Atlantic and North Pacific, respectively. Particles were released at model dates 1 February, 1 March, and 1 April for A. anguilla (McCleave & Kleckner 1987 , McCleave 2008 ) and 1 May, 1 June, and 1 July for A. japonica (Tabeta et al. 1987 , Tsukamoto 1990 , McCleave 2008 , coincident with peak spawning for both species (Table 1) . The vertical position of particles was designed to mimic the diurnal vertical migration of the larvae. The early life stage of both species from hatching to the leptocephalus form occurs in the upper epipelagic to upper mesopelagic layers (Castonguay & McCleave 1987 , Otake et al. 1998 . Atlantic Anguilla species including A. anguilla < 5 mm in total length (TL) per- (Castonguay & McCleave 1987) . Larvae of A. anguilla are distributed at depths of 100 to 150 m during the day and 50 to 100 m at night until they reach 20 mm TL. Larvae > 20 mm TL are distributed at depths of 125 to 275 m during the day and 30 to 70 m at night (Castonguay & McCleave 1987) . Larvae of A. japonica from 10 to 20 mm TL are distributed at 100 to 250 m during the day and 50 to 100 m at night (Otake et al. 1998) . In this study, all larvae were allowed to migrate vertically throughout the simulations as described below. Based on observational data, the depth of the larvae was set to 300 m during the day (06:00 to 18:00 h local time) and 50 m at night (18:00 to 06:00 h) for A. anguilla, and 150 m during the day and 50 m at night for A. ja po nica (Table 1) . Particles were allowed to drift over 4 yr for A. anguilla and 1 yr for A. japonica, which is long enough to encompass the maximum larval dur ation.
In the diurnal vertical migration depth range, temperature decreases with depth. Therefore, larvae of both species would experience temperature changes between the uppermost (maximum temperature) and lowest layers (minimum temperature) in the migration depth range. To determine ambient temperature values experienced by virtual larvae, the uppermost and lowest layer temperatures at each particle position were determined by horizontally interpolating OFES output temperature data.
Analysis
Definition of transport success and larval duration. Output files of Lagrangian simulations included the position (longitude, latitude, depth) and time for each particle. We established 'arrival lines' at longitude 20°W and latitude 30°N based on previous studies for Anguilla anguilla (Bonhommeau et al. 2009a ) and A. japonica (Kim et al. 2007 , Zenimoto et al. 2009 ), respectively (Fig. 1a,b) . In this study, transport success and larval duration were defined as crossing these arrival lines.
Application of natural mortality to estimates of larval duration. To provide accurate estimates of larval duration, natural mortality has to be accounted for in Lagrangian simulations. In this study, Lagrangian experiments were performed without any natural mortality, and then we applied natural mortality as follows. Net numbers of virtual larvae with larval duration t, R (t), are estimated as
where N denotes the number of successfully transported larvae without applying natural mortality, and M is the natural mortality coefficient. In a previous study, M for Anguilla anguilla was estimated to be 3.8 (Bonhommeau et al. 2009b) . In this study, M was set to be 1.0 to 4.0 for A. anguilla and 1.0 to 5.0 for A. japonica.
Estimation of increment numbers of virtual larvae using ambient temperature. The number of identifiable increments depends on ambient temperature for glass eels and elvers of Anguilla japonica (Fukuda et al. 2009 ). Thus, otolith microstructure analysis could underestimate larval duration. To test the temperature dependence of increment formation, we corrected the increment count derived from the Lagrangian simulations by applying the temperature and increment deposition relationship proposed by Fukuda et al. (2009) . Al though Fukuda et al. (2009) only analyzed A. japonica, we assumed that the same temperature and increment relationship can be applied to A. anguilla, because of their similar life stages and habitat environment. The estimated number of increments at elapsed days t since release, NI (t), is obtained based on the following equation by Fukuda et al. (2009; Fig. 2) . where NIPD denotes the number of increments per day, and T is the mean ambient temperature experienced by the particles. Fukuda et al. (2009) showed that NIPD in A. japonica glass eels ceased at temperatures below 10°C and regularly deposited 1 ring at temperatures above 20°C, and we adopted those thresholds. We assumed a direct proportional relationship between NIPD and ambient temperature Temperature (ºC) No. of increments d -1 Fig. 2 . Relationship between ambient temperature and number of increments formed per day based on Fukuda et al. (2009) between 10 and 20°C because NIPD was approximately 0.5 (0.43 to 0.48) at 15°C (Fukuda et al. 2009 ).
RESULTS
Latitudinal distribution of particle arrivals
The results of the Lagrangian simulations for Anguilla anguilla were consistent with observations of larval arrival areas. Within 4 yr of larval drift, 14.6% of the total particles released arrived at the 20°W arrival line. The distribution of particles at 20°W was spread from 28.0° to 60.0°N, with a peak at 50.0°N (Fig. 3) . Similar patterns were observed in a previous study using Lagrangian simulations (Kettle & Haines 2006 , Bonhommeau et al. 2009a . The countries where active glass eel fisheries take place, such as France, Portugal, Spain, and the UK (Dekker 2000) , are located at the latitude where a large number of particles crossed the designated arrival line. Although some particles simulated by Kettle & Haines (2006) and Bonhommeau et al. (2009a) reached between 0° and 10°N, the particles in this study did not reach these latitudes.
In the case of Anguilla japonica, 35.6% of the total particles arrived at the 30°N arrival line within 1 yr in the absence of natural mortality. Particles that passed through the arrival line were transported to the countries where active glass eel fisheries take place, such as Japan and Taiwan (Kim et al. 2007 , Zenimoto et al. 2009 ).
Estimates of larval duration
To estimate the migration duration of Anguilla anguilla, particle numbers were counted every 10 d during the drifting period over 4 yr. Transport of the fastest particle from the release point to the arrival line took 368 d (Fig. 4a) . Particles continued to cross the arrival line for approximately 800 d at a rate of 0.002 to 1.02% of the total number of particles arriving every 10 d, with ≥1% 10 d -1 arriving up to the 4 yr limit (Fig. 4a) . The distribution of larval duration varied drastically when mortality was applied. Peaks were detected at 780-800, 660-800, 640-670, 630-660, and 650 d, and the geometric means were 900, 800, 710, 660, and 650 d with mortality rates of 1.0, 2.0, 3.0, 3.8, and 4.0, respectively (Fig. 4c,e) .
In simulations of Anguilla japonica, the minimum duration of migration ranged between 50 and 55 d. Since then, the number of successful particles continued to increase up to approximately 240 d and then moderately decreased to 360 d (Fig. 4b ). Peaks were (Fig. 4d,f) .
Estimates of ambient temperature and otolith increment counts
The ambient temperatures to which simulated Anguilla anguilla and A. japonica larvae were exposed were used to estimate the number of otolith increments that would be deposited. In this analysis, we used particles that were within a maximum migration duration of 720 d (2 yr) for A. anguilla and 210 d (7 mo) for A. japonica as long as they experienced a smooth advection pattern, i.e. without any irregular trajectories. Ambient temperature tended to decrease, as the larvae migrated, from 22.4 to 11.0°C in the upper layer (50 m) and from 19.8 to 10.8°C in the lower layer (300 m) of the diurnal migration range for A. anguilla (Fig. 5a ). Because A. anguilla are transported northward by the Gulf Stream, ambient temperature decreased more markedly between 0 and 300 d than during the later part of the migration (Fig. 5a ). In contrast, the mean ambient temperature of A. japonica larvae remained steady at above 20°C until they reached the Kuroshio (about 100 d), which resulted in 1 otolith increment deposition per day, regardless of depth layer. Subsequently, the increment deposition decreased as particles were transported northward by the Kuroshio (Fig. 5b) . The number of visible increments formed during the larval stage was estimated based on the ambient temperature influence above otolith growth. In Anguilla anguilla, the estimated number of increments in 720 d of migration was 389, 233, and 313 if larvae were continuously transported in the upper layer, lower layer, and when they were allowed to migrate between these layers, respectively (Fig. 6a ). In contrast, the number of increments deposited by A. japonica was estimated to be 1 d -1 because ambient temperatures largely remained above 20°C (Fig. 6b) .
DISCUSSION
We tested whether the larval duration of Anguilla anguilla and A. japonica was underestimated by otolith microstructure analysis, based on the demonstrated temperature dependence of otolith growth.
Mean larval duration and experienced ambient temperature were estimated by a Lagrangian numerical simulation of particle transport and model temperature data.
To provide accurate estimates of larval duration in Lagrangian simulations, natural mortality must be accounted for (Cowen et al. 2000 , Hare et al. 2002 . Without accounting for mortality, the longer the computation period, the more particles will reach the arrival line, which could lead to an incorrect estimate of migration duration. At natural mortality rates of M = 1.0 to 4.0, the mean larval duration for Anguilla anguilla was estimated to be between 900 and 660 d. In the case of M = 2.0, the duration (800 d) was less than in previous studies (2.4 yr = 864 d; Bonhommeau et al. 2009b) . This difference would derive from the different simulation duration employed in each study (4 yr in this study, 5 yr in Bonhommeau et al. 2009b) . The mean larval duration in Bonhommeau et al. (2009b) would be increased by particles that arrived between 4 and 5 yr. Peak arrival times differed little between this study and that of Bonhommeau et al. (2009b) (approximately 2.1 yr = 756 d). In the case of M = 3.8, which is the natural mortality estimated by Bonhommeau et al. (2009b) , our result (660 d) was markedly higher than theirs. Because no particles reached the arrival line in 4 yr due to high mortality rate at M = 3.8, the difference was not caused by differences in simulation duration. The difference would be caused by model resolution. The spatial resolution of OFES (1/10°) is higher than that of the model used by Bonhommeau et al. (2009b: 1/4° × 1/3°). Consequently, OFES could describe meso-scale eddies more precisely. Because of entrainment in those eddies, the mean larval duration was prolonged in this study. In contrast, the mean larval duration for Anguilla japonica was estimated to be between 225 and 180 d with M = 1.0 to 5.0.
In otolith microstructure analysis, the larval duration is defined as the period from hatching to recruitment as glass eels in the estuaries. In this study, the duration from the arrival line to estuaries (>1000 km for Anguilla anguilla, 1000 km for A. japonica) should be added to the larval duration. The duration from the arrival line to estuaries was estimated as roughly 3 mo for A. anguilla (Bon hommeau et al. 2009b ). For A. japonica, the duration was estimated as approximately 10 d because larvae metamorphosing into glass eels were transported into the Kuroshio, which has a current speed of 1.5 m s Kuroki et al. 2008) . On the other hand, cohort analysis and particle-tracking models estimated a longer larval duration (>1.5 yr; Schmidt 1923 , Kettle & Haines 2006 , Bonhommeau et al. 2009b . Our results are in agreement with the longer estimates of larval duration for A. anguilla. For A. japonica, the larval duration in this study was similar to that based on otolith micro structure analysis (Tsukamoto 1990 , Kawa kami et al. 1999 . Larvae of A. japonica were transported from the spawning area to the arrival line at temperatures > 20°C (Fig. 5b) . Since 1 increment d -1 is formed at these temperatures, the mean larval duration in this study corresponded with that based on otolith microstructure results. Conversely, ambient temperature for A. anguilla larvae was > 20°C only near the Sargasso Sea and remained < 20°C through the migration (Fig. 5a ). Minimum larval duration was estimated as 450 to 460 d (360 to 370 d to the arrival line and a further 90 d from the arrival line to the European estuaries). According to the relationship between the number of increments and ambient temperature, the increments deposited during this larval phase were estimated as 256.3 to 259.6 (Fig. 6a) . In addition, the increments deposited during the mean larval duration at M = 3.8 (720 d) were estimated as 313.2 (Fig. 6a) . These estimates agree closely with the minimum and mean number of increments observed by scanning electron micro scopy (Arai et al. 2000 , Wang & Tzeng 2000 , Kuroki et al. 2008 . Our estimates matched the number of increments, but did not agree with the larval migration duration itself. In other words, otolith microstructure analysis did count the number of increments precisely, but their direct interpretation of these counts as larval duration estimates is questionable.
In conclusion, our study generally supported the duration of 2 anguillid species larval migration to be more than 1.5 yr for Anguilla anguilla and about 7 mo for A. japonica. Moreover, estimated increment number based on Lagrangian modeling closely matched the results of otolith observations by microscopy. Thus, we have demonstrated the nature of the gap be tween actual observation based on otolith microstructure and the actual duration of larval migration. The main cause for the underestimate of larval duration is the slower otolith increment deposition rate at low ambient temperature.
